Techniques to improve segmental fixation have advanced the ability to correct complex spinal deformity. The purpose of instrumentation is to correct spinal deformity or to stabilize the spine to enhance the long-term biological fusion. The ultimate goal of spinal deformity surgery is the creation of a stable, balanced, pain-free spine centered over the pelvis in the coronal and sagittal planes. The minimum number of segments should be fused. These concepts remain challenging in the setting of deformity and instability. Successful results can be obtained if the surgeon understands the technology available, its capabilities, biological limitations, and the desired solution.
The purpose of instrumentation is to correct spinal deformity or to stabilize the spine to enhance long-term biological fusion. The ultimate goal of spinal deformity surgery is to create a stable, balanced, pain-free spine centered over the pelvis in the coronal and sagittal planes. The minimum number of segments should be fused. These concepts remain challenging in the setting of deformity and instability. The surgeon can obtain successful results by understanding the technology available, its capabilities, biological limitations, and the desired solution. We have come to prefer the use of thoracic pedicle screws when treating patients with complex spinal deformity. In this article we focus on the use of transpedicular screw fixation in the management of spinal deformity.
THORACIC PEDICLE SCREW FIXATION
Transpedicular screw fixation has become an increasingly popular procedure in the treatment of not only spinal deformity but also degenerative disease, trauma, and tumors. Earlier fixation methods typically involved the use of hooks and wires. Pedicle screw-assisted instrumentation, however, provides more rigid fixation. 4, 11, 15, 23, 24, 31, 44 An understanding of pedicle screw biomechanics, bone quality, pedicle morphometry, complications, and salvage options is required when placing pedicle screw constructs.
Pedicle screws allow fixation of the implant to all three columns of the spine. The addition of internal fixation serves the dual function of improving arthrodesis by rigid immobilization of the instrumented segments and correcting preexisting deformities by allowing application of greater corrective forces. As noted previously, prior fixation methods involved the use of hooks and wires, which are inferior bone anchors compared with pedicle screws. 4, 11, 12, 15, 23, 24, 31, 41, 44 The screw-bone interface is generally stronger than the hook-bone and wire-bone interface. Often, this permits the use of a shorter construct, thus avoiding adjacent segments. Another advantage is the fact that the posterior elements do not need to be intact (Fig. 1) .
A thorough knowledge of pedicle anatomy and orientation is integral to the safe application of pedicle screw instrumentation. Numerous factors affect the safety and accuracy of thoracic transpedicular screw fixation in patients with complex spinal deformities. The variable biplanar segmental angulations of the pedicle are unique in deformity surgery. The eccentric, concave-side displacement of the spinal cord in patients with scoliosis also changes the risk of medially positioned screws. The pedicle morphometry of the concave pedicle is often smaller or narrowed. 26, 27 Preoperative assessment to determine Cobb angles, vertebral rotation, and curvature becomes even more important.
Debate continues regarding the incidence, degree, and potential neurological sequelae of screw penetration through the medial pedicle wall. Much of the initial thought was extrapolated from studies involving treatment of the lumbar spine. The sequelae of medial wall violations are well documented in cadaveric models. 34, 35 In relation to the increasing use of thoracic transpedicular screw fixation during the last decade, there have been reports on the accuracy of screw placement. The initial accuracy in cadavers ranged from 45 to 85% for conventional insertion techniques. 5, 9, 35, 42, 43 In these studies screw diameter, insertion technique, and entry points varied. Computer-assisted surgery 19 and fluoroscopically assisted laser targeting 29 rates were 81 and 99%, respectively. Multiple case series have now been reported. Gertzbein and Robbins 14 reported a 26% incidence of medial cortical penetration of up to 8 mm with only two minor neurological injuries in patients without coronal deformity. In their study Belmont, et al., 1 placed 279 screws in the thoracic spine (T1-12) in their patients. The overall fully contained accuracy rate was 57%, with 120 screws penetrating either the medial (14% [range 1-4 mm]) or lateral (29%) cortex. Other authors have documented a safe experience with thoracic pedicle screws in patients with coronal-plane deformities. 2, 6, 12, 16, 32, 33 Belmont, et al., 2 specifically compared the accuracy and safety of thoracic pedicle screw fixation in patients with and without coronal-plane deformities. They reported an overall rate of acceptably positioned screws of 98% in patients with coronal-plane deformity and 99% in those without such deformity. The authors also elucidated the concept of "acceptable" compared with "fully contained" screw placement. Acceptable screw placement included generous lateral cortex violation (Ͻ 6 mm) and minor medial cortex breech (Ͻ 2 mm).
Two trajectories are also used when placing thoracic pedicle screws. Although the anatomical trajectory has a longer bone channel and allows for a longer screw to be placed, it mandates the use of a multiaxial screw to connect it to the rod. The straight-forward trajectory allows for fixed-head screws and true direct vertebral derotation (Fig. 2) . In addition to the aforementioned trajectories, alternative screw placement options exist other than entering the pedicle directly. One such insertion method is the in-out-in technique, which involves a more lateral insertion point and oblique trajectory. Although the technique allows for a more lateral insertion, by virtue of its steeper angulation, it results in the screw being directed toward the spinal canal. 22 O'Brien, and colleagues (O'Brien MF, Wood J, Lowe TG: Thoracic pedicle vs pedicle/rib screw fixation: 35th Annual Meeting of the Scoliosis Research Society. Cairns, Australia, 2000) compared this technique with standard insertion techniques and used a loading rate of 50 N/second to generate load-displacement data, yield strength, and maximum load to failure. They found that there is relatively good fixation strength associated with the pedicle-rib technique compared with standard thoracic screw fixation and that it resulted in achieving approximately 70% of the biomechanical fixation strength for the latter.
The hardware involved in posterior pedicle screw fixation is considered safe and effective for stabilizing a spinal motion segment. There are, however, several rare but significant complications that may occur with anterior or lateral cortical breach. In contrast to the well-described vascular and visceral complications associated with anterior thoracic instrumentation, there are few series in which authors have described recurrent complications of misplaced screws when placing posterior thoracic instrumentation. There are case reports involving the misplacement of thoracic pedicle screws and subsequent complications. Vanichkachorn, et al., 36 described the removal of a broken T-12 pedicle screw that had subsequently migrated into the retroperitoneal space, necessitating anterior exposure; no vascular or further visceral insult occurred. Heini, et al., 18 described a fatal complication that occurred when a a Kirschner wire injured the right coronary artery during a procedure to implant thoracic pedicle instrumentation. Liljenqvist, et al., 25 placed 120 thoracic pedicle screws in 32 consecutively treated patients with idiopathic scoliosis and noted 30 (25%) of the screws penetrated the pedicle cortex or the vertebral body anterior cortex. Three screws penetrated the anterior vertebral cortex and one of the screws was replaced because of direct proximity to the thoracic aorta. 25 Long-segment construct-related biomechanics involve a complex three-dimensional concept, which has been simplified to be modeled in separate planes. White and Panjabi 38 and White, et al., 39 have been credited with establishing the usefulness of analyzing spinal biomechanics in the coronal and sagittal planes by using axial and transverse forces. The third dimension, one of rotation and translation, has been well examined by Wood and colleagues 40 who demonstrated a variable pattern of involvement with scoliotic curve involvement. Spinal instrumentation-induced deformity correction results from complex bending moments produced by distraction and compression forces involving the various longitudinal and attachment members. 37 Traditionally short-segment constructs were considered to be those implanted one level above and one level below a fracture; long-segment constructs involved Harrington rod instrumentation that, in fractures, was typically applied three levels above and two below. The biomechanics of long-segment fixation involve a number of factors that affect the overall construct performance. Choma, et al., 8 have shown that simply the direction of the hooks affects rod strain. Rod strain is maximal at the apex of the deformity, and stress concentration occurs with claw configurations as opposed to hooks directed toward the apex, such as in Harrington compression rod type of pattern.
Initially, Shufflebarger and Clark 30 popularized the concept of smaller-diameter flexible rod fixation involving a greater number of hook attachment sites. The biomechanical basis for this concept was subsequently established by Orchowski, et al., 28 who demonstrated that the number of hooks had a greater influence on percentage increase in stiffness than did a relative increase in rod diameter. They also showed that sagittal contour had a profound effect on overall construct behavior and that this far outweighed the increase of stiffness achieved by either hook number or rod diameter. This concept of the primacy of the effect of
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Thoracic pedicle screw fixation 3 Fig. 2 . Two thoracic pedicle screw trajectories are currently popular. The straight-forward (SF) technique is a slightly modified Roy-Camille technique as popularized by Suk and Lenke. The anatomical technique (AN) was initially popularized by Harms and advocated by Polly. The straight-forward approach has better biomechanical performance parameters. The anatomical technique has the largest possible bone channel for screw placement. Fig. 3 . Radiographs. In this case, a sagittal-plane deformity was previously instrumented; however, loss of correction occurred. The patient was then referred and underwent multiple posterior osteotomies, segmental fixation, and deformity correction, which was primarily achieved at the thoracolumbar junction and through the segments instrumented with pedicle screws. sagittal contour was confirmed by Belmont, et al., 3 who assessed kyphosis-type constructs.
Again, the findings of Choma, et al., 8 were confirmed, showing that apically directed hook patterns decreased rod strain compared with the claw configurations. Preliminary assessment of all screw constructs has provided limited evidence specifying the number of screws necessary to achieve optimal construct rigidity. Contrary to the intuitive concept that bilateral placement of screws at every level would create greater stiffness, Belmont, et al., 1, 2 have reported that there appears to be a threshold of four to six end screws, which is consistent with the findings of Kostuik, et al., 20 after which the pattern of screw placement in the intervening segments appears to be less critical for overall construct performance. The exact explanation of this remains unclear.
Overall testing of construct stiffness is only one measure of the need for different anchor types. The concept of deformity correction mechanics is also critical in the selection of anchor points. Harrington's initial mechanism of deformity correction was coronal-plane distraction, which was very effective at correcting coronal abnormalities but induced secondary sagittal-plane abnormalities. When posterior to the instantaneous axis of rotation, distraction induces kyphosis and compression induces lordosis. Typically, Harrington distraction instrumentation extending distally into the lower lumbar spine resulted in flat back syndrome or positive sagittal imbalance. 21 Compression instrumentation, such as the Harrington compression rod, is a very effective tool when applied posteriorly in combination with Smith-Petersen osteotomies to correct kyphotic deformities.
Cotrel and Dubousset 10 demonstrated the derotation maneuver for correction of coronal abnormalities. Initially it was believed that this maneuver translated scoliosis into kyphosis. Wood, et al., 40 subsequently demonstrated that the result of this derotation maneuver was merely a lateral translation and not a true derotation. It is unclear if segmental thoracic screws allow true derotation, but this may be the case. The benefits of thoracic screws were further assessed by Wood and colleagues 41 who demonstrated that pedicle screws increased torsional stiffness when placed at the distal ends of the constructs implanted for deformity correction. Chiba, et al., 7 also demonstrated the advantage of increased stiffness when using pedicle screws in hybrid constructs of short-segment fusions. In treating their patients with pedicle screws Hamill, et al. 17 also demonstrated improved correction and fewer levels fused in the thoracolumbar spine during scoliosis correction.
Suk and coworkers 32 reported the use of all-screw constructs in which a screw was inserted at every level, typically on the concavity of the curve. They found that true derotation was possible when placing the all-screw construct and a rigid rod. When a screw was inserted at every level, the mean correction was 72%, whereas when using the Cotrel-Dubousset hood construct correction with the screws placed in a hook pattern, correction was 55%. Their efforts have reconfirmed the importance of segmental fixation in which there is an attachment point at each vertebra to achieve control (Fig. 3) . Currently, these authors advocate a direct vertebral derotation maneuver and the use of screws to create additional improvement in deformity correction.
CONCLUSIONS
The purpose of instrumentation is to correct spinal deformity or to stabilize the spine to enhance the biological fusion (Fig. 4) . Thoracic pedicle screws are another tool for spine surgeons with which they can address spinal disease and fuse the minimum number of segments possible (Fig. 5) . Surgeons can obtain successful results by understanding the technology available, the biological limitations, and the desired solution. We have come to perfer the use of thoracic pedicle screws when managing complex spinal disorders and deformity with the goal of providing a stable, balanced, pain-free spine centered over the pelvis. Thoracic pedicle screw placement is demanding but has proven to be possible. Understanding longsegment biomechanics allows optimal construct design. Thoracic pedicle screws as anchor points yield better correction and may well lead to better clinical outcomes.
